Abstract: Water discharge and sediment load have changed continuously during the last half century in the Yellow River basin, China. In the present paper, data from 7 river gauging stations and 175 meteorological stations are analyzed in order to estimate quantitatively the contributions of human activities and climate change to hydrological response. Coefficients of water discharge (C w ) and sediment load (C s ) are calculated for the baseline period of 1950s~1960s according to the correlations between the respective hydrological series and regional precipitation. Consequently, the natural water discharge and natural sediment load time series are reconstructed from 1960s~2008. Inter-annual impacts are then separated from the impacts of human activities and climate change on the hydrological response of different regions of the Yellow River basin. It is found that human activities have the greatest influence on changes to the hydrological series of water discharge and sediment load, no matter whether the effect is negative or positive. Moreover, the impact of human activities is considerably greater on water discharge than sediment load. During 1970~2008, climate change and human activities respectively contribute 17% and 83% to the reduction in water discharge, and 14% and 86% to the reduction in sediment yield in the Upper reaches of Yellow River basin; The corresponding relative contributions in the Middle reaches are 71% and 29% to reductions in water discharge, and 48% and 52% to reductions in sediment load.
Introduction
The Earth's physical environment has been varying under natural driving forces (Ren et al., 2002) , and these variations have been further complicated by increasingly intensive human activities. Climate observations indicate that, during the 20 th Century, global annual precipitation increased significantly at a rate of ~ 0.2 mm/year 2 (P < 0.001) (Piao et al., 2007) , and global surface temperature increased by ~ 0.8℃ (Hansen et al., 2006 ) with a significant upwards trend over the past 30 years of 0.2℃ per decade. Global climate change has in turn influenced global and regional hydrological cycles. Moreover, human activities (such as land use change, soil and water conservation practices, reservoir construction and operation, irrigation, water abstraction, etc.) have also disturbed river systems.
Consequently, the response of rivers to changing climate and human activities is an important topic in hydrology and has elicited many qualitative studies (see e.g. Arnell and Reynard, 1996; Ren et al., 2002; Walling and Fang, 2003; Wang et al., 2006a; Cai et al., 2008; Liquete et al., 2009; Xu and Ma, 2009 ). However, quantitative assessments of climate and human impacts on long-term hydrologic response are very important for drainage basin management. Labat et al. (2004) estimated that an additional 4% of global runoff could arise from an increase of 1℃ in global temperature. Piao et al. (2007) suggested that changes in climate and land use can have a larger direct impact than increased CO 2 levels on global river runoff trends, and note that land-use change has increased global runoff by an average of 0.08 mm/yr, accounting for about half the reconstructed global runoff trend over the last century. In the late 1980s, Meybeck (1988) estimated the cumulative sediment load intercepted by reservoirs was 1.5 Gt/yr, equivalent to 7.5 ~ 10% of the total natural river mouth flux. More recently, Vörösmarty et al. (2003) produced a much larger estimate of 28% based on a much more comprehensive survey of basins worldwide. Syvitski et al. (2005) estimated that anthropogenic influences have simultaneously increased sediment transport by global rivers through soil erosion (2.3 ± 0.6 billion t/yr) while reducing the flux of sediment reaching the world's coast (1.4 ± 0.3 billion t/yr) due to retention by reservoirs.
As the second largest river in China, the Yellow River is culturally and archaeologically important as the birthplace of Chinese civilization. The Yellow River has relatively low water discharge yet huge sediment load. Under the influences of global climate change and intensive human activities, coupled with the harsh natural conditions and fragile ecosystem, great changes have recently taken place to the eco-environment of the Yellow River basin (see e.g. Wang and Cheng, 2000) . For example, the water discharge and sediment load in the Yellow River have declined significantly over the past fifty years (e.g. Yang et al., 2004; Xu, 2005a; Liu and Zheng, 2004; Fu et al., 2004; Wu et al., 2008; Xu, 2005b; Wang et al., 2006b; Miao et al., 2010) . In the Yellow River basin, due to its vital national (cultural, environmental, functional) importance and the delicate balance of its river system, quantitative assessments of climate change and human impacts on the hydrological response of the basin are invaluable to government agencies and policy makers. The methodologies involved in making such assessments include empirical analys is based on hydrometric and meteorological data, physical model tests, and field observations under different land use and land cover conditions. Liu and Zhang (2004) found that reduced precipitation in the 1990s was directly responsible for 75% and 43% of the reductions in river discharge in the upper and middle drainage basins. Zheng et al. (2009) reported that changes in land use were responsible for more than 70% of the decrease in streamflow of the headwater sub-catchments of the Yellow River basin that occurred in the 1990s. Chen et al. (2004) estimated that soil and water conservation practices implemented during the 1950s~1980s caused a 6.5% reduction in runoff in the Yanhe River, a sub-basin of the Yellow River; Li et al (2007) reported that the soil conservation measures in the period from 1972 to 1997 accounted for 87% of the total reduction in mean annual streamflow in the Wuding River, another sub-basin of the Yellow River; Mou (1996) analyzed the changes in the sediment load contributed by the middle Yellow River basin as a result of soil and water conservation during the 1980s; Wang et al. (2007) estimated that the average decrease in sediment yield due to soil conservation practices from 1969 to 1999 was 0.24Gt/yr in the Yellow River basin. Rustomji et al. (2008) estimated that the catchment management practices aimed at reducing soil erosion contributed 64% to 89% of the reduction in annual sediment yield in the Hekou~Lonmen area during the 1950s~1990s; Xu (2004) suggested that precipitation and erosion control measures were almost equally responsible for changes to the sediment load in the period from 1970 to 1996 in Wuding River.
Several publications discuss the quantitative assessment of human and natural contributions to changes in water discharge and sediment load in Yellow River (Mou, 1996; Liu and Zhang, 2004; Xu, 2004; Chen et al., 2004; Li et al., 2007; Wang et al., 2007; Rustomji et al., 2008; Zheng et al., 2009; Fu et al., 2009 ). However, most of these previous studies focus solely on sub-catchments of the Yellow River basin, not the whole watershed system. In addition, the studies have mostly concentrated on periods between the start of the 1960s to the end of the 1990s.
However, a huge project "Grain for Green" (GFG), costing more than 30 billion US dollars, was launched by the Chinese government at the end of 1999, and implemented countrywide until 2002 (Miao et al., 2010) . The objective of this program was to increase vegetation coverage on steep hillsides by planting trees or sowing grass on former cropland. As a consequence, research studies undertaken before 2000 only give a partial picture of the impact of human activities on the Yellow River basin. The goal of the present work is to make a systematic, quantitative analysis of the water discharge and sediment load responses of the entire Yellow River basin to changes in human activities and climate. It is hoped that the present study will contribute to a better understanding of the mechanisms controlling the interaction between human beings and nature, while also providing a stronger base for decision-making concerning environmental management of the Yellow River basin.
The Yellow River basin
The Yellow River basin has a catchment area of about 753,000 km 
Data
The present study utilizes hydrologic data from the seven gauging stations listed in Table 1 .
The observed series cover the period from the 1950s to 2008. Figure 1 and Table 1 Figure 1 shows the locations of these stations in and around the Yellow River basin. Table 1 
Methodology
In the Yellow River basin, the area over which erosion control measures have been implemented has rapidly expanded since the 1970s (Wang et al, 2006a; Cong et al., 2009; Miao et al., 2010) . In order to separate and quantify the influences of climate change and local human activities on streamflow and sediment load variations, the 1950s~1960s are taken as the baseline (benchmark) period. Moreover, the dates at which large reservoirs became operational are also taken into account when specifying temporal divisions separating different periods (Figure 1 ).
Herein, human impacts during the baseline period are assumed to be negligible. The present research is therefore concerned with the relative acceleration and intensification of human activities after the baseline period. For the successive decades thereafter, i.e. 1970s, 1980s, 1990s and 2000s, variations of water discharge and sediment load in response to climate change are quantified by reconstructing the natural streamflow and natural sediment load from the runoff coefficient (C r ) and sediment load coefficient (C s ).
Baseline period values of water discharge coefficient (C w ) and sediment load coefficient (C s )
are calculated according to regression fits between annual regional precipitation and annual water discharge, and annual regional precipitation and annual sediment load. The coefficients respectively describe the yields of water discharge and sediment load per unit precipitation. The basin natural streamflow and natural sediment load are then simulated for subsequent decades ignoring the effect of local human activities on drainage (i.e. land use change, irrigation, abstraction, and treated effluent input). Hence, changes to the reconstructed water discharge (R w ) and sediment load (R c ) are hypothetically due solely to the hydrological response to climate change (mainly precipitation in the Yellow River basin). Likewise, the change in streamflow due to human activities is denoted as H w , and the change in sediment load due to human activities is denoted as H s . Thus, hydrological response to human activities is given by (i) the difference between the reconstructed natural water discharge (R w ) and the actual (measured) discharge, and
(ii) the difference between the reconstructed sediment load (R c ) and the observed sediment load. Figure 2 depicts the baseline data, reconstructed data, and observed data on sediment load at Hekou Station. In this case, it is easy to see the quantitative hydrological response to climate change and human activities; Interval ① in Figure 2 indicates the impact of climate change;
Interval ② shows the impact of human activities. Correlations between the annual regional precipitation and water discharge, and annual regional precipitation and sediment load have been analyzed for different drainage areas, taking account of dates when reservoir operation started. Figure 3 presents the results of the regression analyses for each of the hydrological stations. It can be seen that all the correlations between annual precipitation and annual water discharge are significant over the 99% confidence level, which demonstrates the direct influence of precipitation on water discharge during the baseline periods. Similar significant relationships between the annual regional precipitation and sediment load appear, except at Sanmenxia. Table 2 4.2 Decadal variations in precipitation, water discharge and sediment load Table 3 lists the decadal mean annual precipitation, mean annual discharge, and mean annual sediment loads. The table also presents the percentage difference with respect to the baseline value.
It can be seen that both the reconstructed water discharge and reconstructed sediment load are close to the observed data in the baseline periods, which gives confidence in the simulated values obtained for the 1970s~2000s. During 1970s~1980s, the decadal precipitation increased in the drainage area above Lanzhou, and this had a positive effect on the generation of runoff, which directly increased the reconstructed water discharge and reconstructed sediment load.
Except for Tangnaihai, the water discharge and sediment load series during 1970s~2000s
have lower values than during the baseline periods, with the levels of reduction growing larger with time. In the same period, the declining trends in water discharge and sediment load series both intensified in the downstream direction. Of the seven hydrological stations, the most significant decreases in the water discharge series occur in the 1980s at Huayuankou, where the rates of reduction are 41.3×10 9 m 3 /yr and 41.2×10 9 m 3 /yr for the observed and reconstructed series respectively. However the greatest percentage changes occur in the 1990s at Lijin with 68% and 36% reductions. The largest changes in observed and reconstructed sediment load series occur at different time periods (unlike the water discharge series). For the observed sediment load series, the greatest change occurs in the 1970s at Sanmenxia where there is a reduction of 1398×10 6 t/yr, whereas the greatest percentage change occurs in the 2000s at Huayuankou with 92 % reduction.
For the reconstructed sediment load series, the greatest change occurs in the 1980s at Sanmenxia with a reduction of 1468.4×10 6 t/yr, whereas the greatest percentage change occurs in the 1990s at Lijin with 47% reduction. Table 3 4.3 Quantitative hydrological response to climate change and human activities Table 4 summarizes the contributions of climate change and human activities to the variations in water discharge and sediment load. It should be noted that these contributions can have either negative or positive effects on the hydrological series. For example, wetter (or drier)
weather during a period of climate change potentially increases (or reduces) the streamflow, and hence influences the sediment load. And for human activities, irrational tillage, such as downslope cultivation and steep-sloped reclamation, has a negative influence on decreasing sediment load, whereas the construction of check dams and reservoirs has a positive influence on decreasing sediment load. The diversion of water led to a positive influence on decreasing streamflow. The data listed in Table 4 are arithmetic average values, whose sign reflects the direction of dominant impacts. It should be noted that certain of the largest percentage changes are due to the small total change in the denominator. In general, it is evident that human activities contribute more much to changes in the hydrological series, no matter whether the effect is negative or positive. And the percentage impacts of human activities are much larger on the water discharge than the sediment load.
The least impact by human activities on sediment load is experienced by the drainage area above Tangnaihai. Both climate change and human activities in the Hekou~Longmen area result in decreasing water discharge and sediment load over all the periods considered. In addition, human activities in the Tangnaihai~Sanmenxia drainage area also reduce the values of the hydrological series, unlike the Sanmenxia~Huayuankou drainage area where the values increase. Human activities in the Hekou~Longmen area have caused the greatest reductions in water discharge and sediment load, compared with other regions, and these reductions intensify over time. In the drainage area above Lanzhou, climate change causes alternating, but somewhat inconsistent, negative and positive impacts on water discharge and sediment load ( to the reductions in water discharge respectively, and 14% and 86% to the reductions in sediment yield in the Upper reaches of Yellow River basin. The corresponding percentage contributions for the Middle reaches are 71% and 29% to changes in water discharge, and 48% and 52% to changes in sediment load. By regarding the Yellow River basin as a whole entity, it is obvious that the impacts of human activities on changes to the hydrological series have been increasing almost monotonically over the past forty years (Table 4) . For water discharge and sediment load, the impact of human activities far exceeds that of climate change during the 2000s. Human activities in the whole basin in the 2000s are directly responsible for the 55% and 54% reductions in water discharge and sediment load. Table 4 5. Discussion
The hydrology of the Yellow River basin is characterized by the fact that the major source areas of runoff do not coincide with the major source areas of sediment (Xu, 2003) . For example, the drainage area upstream of Lanzhou supplies about 52% of the annual water discharge and only 9% of the total river sediment load, whereas the middle reaches contribute about 43% of the water flow and more than 90% of the annual sediment load (especially in the Hekou~Longmen area) because of severe erosion of the Loess Plateau.
In the upper reaches of Yellow River basin, especially in the drainage area upstream of Tangnaihai, the population is small due to the comparatively inhospitable natural conditions (e.g. high altitude, low temperature, etc.), and hence human activities at small scale are relatively weak.
However, due to the abundance of water resources in this area, human activities at large scale inevitably have a great influence on the water discharge. Compared with the other regions, the impacts of human activities on water discharge are most significant in the upper reaches (Table 4) . , of which more than 94% is located in the Lanzhou~Hekou area (Table 5) . Hyper-irrigation directly reduces the regional water discharge because of water consumption by new irrigation fields. Moreover, large hydroelectric projects (including reservoirs at Longyangxia, Liujiaxia, Qingtongxia and Sanshenggong, etc.) are located in this area (Figure 1 ), and the associated siltation capacity of the tributary reservoirs has kept increasing over the year (Table 6 ). These reservoirs not only redistribute the seasonal water discharge and sediment load within any given year, but also adjust their inter-annual distribution. Table 5   Table 6 In the Middle reaches of the Yellow River basin, severe soil loss, which can exceed 20,000 t/km/yr in certain areas (Fu and Chen, 2000) , provides > 90% of the total river sediment load.
Soil conservation practices (such as afforestation, grass-planting, creation of level terraces, and building check dams, etc.) have been implemented since 1949, once the severity of soil loss was recognized (Liu, 2005) . These soil conservation practices change local micro-topography, intercept precipitation, improve the infiltration rate of water flow, slow down or retain the runoff and sediment load, and consequently delay or even reduce runoff and sediment generation. From Table 7 and Figure 4 , it can be seen that the soil conservation area has expanded with time. Table 8 lists the effects of different soil conservation practices, expressed as ratios based on the volume of runoff to area and the sediment load to area. It is hence found that the measures against soil erosion became increasingly effective, particularly after the late 1970s -in keeping with the results in Table 4 . Even so, the irrigation area in Hekou~Sanmenxia is larger than that in Sanmenxia~Huayuankou (Table 5) , and consequently causes a greater reduction of water discharge in Sanmenxia~Huayuankou (Table 4) . Table 7 Figure 4 Table 8 In the Lower reaches, hydrological change results from the combination of contributory effects from the local region, and the Upper and Middle reaches of the Yellow River basin. Due to the flat topography of the Lower Yellow River sub-basin, much uncultivated land was converted into irrigation areas in order to meet the food requirements of the growing population. Especially in the 1970s and 1980s, the irrigation areas were extended outside the basin along the lower reaches from Huayuankou (Yang et al., 2004) , and such areas presently occupy more than 70% of the total irrigation area in the Yellow River basin (Table 5) . Irrigation-based agriculture with high grain yield partially alleviates the potential food shortage, but the local water resources are insufficient to meet the water requirements for such irrigation schemes. Although water diversion from the main river channel may seemingly solve this problem, this is at the cost of subsequent reduction in downstream flow (Table 4) . What makes matters worse is the high cost of water consumption due to the low efficiency of water utilization. Li (2003) estimates that water diverted from the Yellow River for irrigation-based agriculture accounts for only 30% to 45% of the total irrigation water; the remainder is due to extensive floodwater irrigation. The irrigation water-use ratio (defined as annual gross water transfer to irrigation divided by annual runoff) has increased from 21% to 68% during the last 50 years (Yang et al., 2004) . In addition, the decreasing precipitation in this area contributes to reduced streamflow (Table 3) 
Figure 5
It is obvious that the impacts of human activities on the hydrological cycle have grown considerably in recent times, and exceeded the impact of climate change after 2000 in the Yellow River bas in (Table 4) . So, how to utilize water resource effectively, manage and control river flow reasonably, are challenges that are very relevant to local human survival and development.
As is well known, groundwater impacts greatly on the surface water discharge, and so influences the sediment yield. While interacting with the surface water discharge, the groundwater reservoir supplies or stores water in dry or wet seasons. It is found that the average annual groundwater baseflow does not vary significantly during 1960~1990 in the Yellow River ( Figure   6 ), with < 10% change at any station. After 1990, the percentage changes increase significantly, the largest change occurring at Huayuankou with a 37% reduction. The considerable decrease in groundwater can be attributed to human activities related to water diversion (Liu and Zhang, 2004; Lin and Wang, 2006) . Abstraction of water from aquifers led to a consequent decrease in groundwater. Furthermore, this groundwater had to be replenished by water from surface runoff, thus reducing the surface water discharge. In the present study, due to the groundwater dynamics, the indirect influences from human activity on water discharge are already taken into account.
Figure 6 6. Conclusions
Previous studies have identified global and regional climate changes (mainly precipitation) and local human activities as the two main causative factors that impact on the hydrological cycle.
In this preliminary study, we have estimated the relative contributions of human activities and climate change to the hydrological response of the Yellow River Basin. It is found that human activities and climate change have impacts that are spatially dependent. Upper reaches supply the major portion of the streamflow. Middle reaches provide most of the total river sediment. Human activities have made a greater contribution than climate change to altering the hydrological series of water discharge and sediment load, regardless whether the effect is negative or positive.
The total change to the streamflow discharge caused by human activities is most significant in the Upper reaches due to the relative abundance of water resource there. The Upper reaches are minor source areas for sediment, leading to relatively low absolute changes in sediment load there, although the percentage changes are still high. It is estimated that, during 1970~2008, climate change and human activities relatively contribute to 17% and 83% of the reduction in water discharge, and 14% and 86% of the reduction in sediment yield in the Upper reaches of Yellow River basin.
More than 90% of the total river sediment originates from the Middle reaches of Yellow River basin, in particular the rapidly eroding Loess Plateau. Large-scale soil conservation practices (such as afforestation, grass-planting, creation of level terraces, and the building of check dams, etc.) have successfully delayed or even reduced both runoff and sediment generation in the Middle Yellow River basin. During 1970~2008, the relative contributions of climate change and human activities were 71% and 29% reductions in water discharge, and 48% and 52% reductions in sediment load in the Middle reaches.
In the Lower reaches, the large irrigation area and low water utilization ratio have led to local over-consumption of water resources. Climate change and human activities during 1970~2008 are respectively responsible for 72% and 28% of the reduction in river discharge in the Lower drainage bas in. Owing to the deposited sediment, the riverbed has risen significantly over the past half century. The sedimentation has re-shaped the river channel and altered the bankfull discharge.
And, the operation of Sanmenxia reservoir has further complicated the river flow.
In general, the impacts of human activities on the whole Yellow River basin have become ever greater with time. Human activities in the whole basin in the 2000s are directly responsible for the 55% and 54% of the reductions in water discharge and sediment load. Table 2 . Regression equation and coefficients of water discharge and sediment in the baseline periods Table 3 . Decadal variations in precipitation, water discharge and sediment load Table 4 . Quantification of the impact Table 5 . Hyper-irrigation areas in the Yellow River basin Table 6 . Tributary reservoirs in the Yellow River basin Table 7 . Area of soil conservation practices in Hekou~Longmen sub-catchment a Here, the independent variable x is annual precipitation (10 9 ×m 3 ) during baseline periods, and the dependent variable y is either the corresponding annual water discharge (10 9 ×m 3 ) or the sediment load (10 6 ×t). 
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